Although neural activity associated with emotion is becoming better understood, the influence of affective parameters on brain activity reflecting cognitive functioning in humans remains poorly characterized. We examined affective influences on working memory (WM) and tested the hypotheses that (i) dorsolateral prefrontal cortex (DLPFC) activity reflecting WM is influenced by the emotionevoking qualities of task-relevant stimuli, but only when brought ''on-line'' by task demands, and (ii) DLPFC and orbitofrontal cortex (OFC) activities are inversely related as a function of emotional valence. Participants performed two tasks while event-related functional MRI measured brain activity; one task required active maintenance of stimulus representations in WM, and the other task required target detection responses with no demand for WM. Stimuli were standardized emotional (pleasant and unpleasant) and neutral pictures. Emotional stimuli differentially influenced DPFC and OFC activity during WM; DLPFC was influenced by emotional valence, enhanced by pleasant and reduced by unpleasant, compared to neutral stimuli, only when task conditions required WM. OFC was valence-sensitive during both tasks, greater to arousing than neutral stimuli when WM demand was low and in inverse relationship to DLPFC with high WM demand. Further, DLPFC and OFC activities are inversely related with respect to emotional valence during the WM task. The results are consistent with the hypothesis that the intrinsic valence of task-relevant stimuli maintained in WM modulates DLPFC activity but only when the DLPFC is required for task demands. Findings suggest a conceptualization of DLPFC and its involvement in WM that takes into account a role for affective parameters. T he prefrontal cortex (PFC) is critical to motivation, emotion, and higher cognitive functioning. The primary functions of the PFC often have been dissociated into ''emotional'' and ''cognitive'' domains, with motivational͞emotional processes attributed to the medial orbitofrontal region (1), and high-level cognitive processes to the phylogenetically newer dorsolateral region (2, 3). The orbitofrontal cortex (OFC), for example, mediates aspects of motivational functioning including emotional reactions and social behavior. OFC lesions alter functioning in these domains (1, 4) and aspects of motivationally-based decision making (5-7). Anatomical studies indicate that the OFC is interconnected extensively with the amygdala, ventral striatum, hypothalamus, and other areas implicated in emotional processing (8, 9) . Neurophysiological studies indicate that the OFC is sensitive to the reward-predicting properties of stimuli (10) and the expectancy of appetitive and aversive outcomes (11). The OFC has been implicated also in affective and fearrelated disorders, showing altered activity during pathological depression and induced sadness (12, 13) and during fearsymptom provocation (14).
T he prefrontal cortex (PFC) is critical to motivation, emotion, and higher cognitive functioning. The primary functions of the PFC often have been dissociated into ''emotional'' and ''cognitive'' domains, with motivational͞emotional processes attributed to the medial orbitofrontal region (1) , and high-level cognitive processes to the phylogenetically newer dorsolateral region (2, 3) . The orbitofrontal cortex (OFC), for example, mediates aspects of motivational functioning including emotional reactions and social behavior. OFC lesions alter functioning in these domains (1, 4) and aspects of motivationally-based decision making (5) (6) (7) . Anatomical studies indicate that the OFC is interconnected extensively with the amygdala, ventral striatum, hypothalamus, and other areas implicated in emotional processing (8, 9) . Neurophysiological studies indicate that the OFC is sensitive to the reward-predicting properties of stimuli (10) and the expectancy of appetitive and aversive outcomes (11) . The OFC has been implicated also in affective and fearrelated disorders, showing altered activity during pathological depression and induced sadness (12, 13) and during fearsymptom provocation (14) .
The dorsolateral PFC (DLPFC), on the other hand, is critically involved in high-level cognition, most notably working memory (WM), the short-term retention and use of information to guide behavior (3, (15) (16) (17) . The DLPFC is sparsely connected with classic limbic regions but is interconnected with paralimbic structures such as the hippocampus and anterior cingulate (3, 18) . Lesion and single-unit recording studies in primates have shown that the DLPFC is involved in actively maintaining stimulus representations across a period of delay in order to guide task-relevant behavior (2, 3) , and a host of human functional neuroimaging studies have supported such a role in humans (16, 17) . Dysfunction of the DLPFC has been implicated in schizophrenia, which manifests a range of alterations in emotional and cognitive functioning such as selective attention (19) and WM (20) . The DLPFC has been shown recently in nonhuman primates to be sensitive to the motivationally significant aspects of stimuli during a delay (11, 21) .
Activity in regions of the DLPFC and OFC has been shown to be inversely related (12, 13, 22, 23) , which is consistent with suggestions based on anatomical and single-unit recording studies that ventromedial PFC and limbic͞paralimbic regions are reciprocally interactive with dorsal regions of the PFC (6, 24, 25) . These findings suggest that although the DLPFC itself may not be involved in mediating motivational operations, it is well positioned to be influenced by the motivational state of the organism through connections with more ventromedial frontal cortex.
Importantly, little research in humans has examined whether motivational (i.e., affective) parameters influence DLPFC activity in the context of high-level cognitive processing or the relationship between DLFPC and OFC activity during cognitive task performance. In animals, the motivational context of taskrelevant behavior has been shown to influence both OFC and DLPFC activity (21, (26) (27) (28) . For example, acute stress impairs WM and concomitant delay-period activity in DLPFC neurons. In contrast, mild positive affect in humans enhances performance on tasks heavily dependent on PFC-mediated WM processes (29) , whereas a negative affect impairs WM performance (30) . Additionally, certain forms of psychopathology associated with prominent affective symptoms such as schizophrenia and depression are associated also with DLPFC-mediated WM dysfunction (20) .
On the basis of these considerations, the present study aimed to determine whether activity in PFC (dorsolateral and orbitofrontal) evoked during performance of a task requiring active maintenance in WM is influenced by the affective tone of foreground task stimuli. Measuring brain activity by using eventrelated functional MRI (fMRI), we predicted that active maintenance of stimulus representations in WM would enhance DLPFC activity, and the OFC would show activity decreases. OFC activity is decreased reliably during a variety of visual cognitive tasks (31, 32) , and neurons in this region do not show sustained responses to object features of stimuli during delay periods (27) . More importantly, we predicted that WM-related DLPFC activity would be differentially influenced by stimulus conditions that induce brief mild affective responses, enhanced to pleasant and reduced to unpleasant stimuli relative to neutral stimuli but only when task demands are placed on WM. These predictions are based on findings from animal studies pointing to reduced DLPFC activity during unpleasant affect (e.g., stress; ref. 26 ) and human studies showing enhanced and impaired WM performance, respectively, during mild pleasant (29) and unpleasant (30) affect as well as the absence of DLPFC activity during passive affective picture viewing (33, 34) . We also predicted that OFC activity would be enhanced by emotionally arousing stimuli, consistent with previous findings of emotional picture viewing (33, 34) . Finally, a basic premise of this study is that the influence of emotional pictures would be sustained during the WM task and thereby influence brain activity, reflecting the retention of stimulus representations in WM. As a check on this assumption, a second group of participants performed the experimental tasks while acoustic startle blinks were elicited during the delay period. Startle modulation is a powerful method for assessing emotional valence influences during affective picture viewing (35, 36) .
Method
Participants. Ten right-handed college-age students (four females) aged 21-31 years (mean ϭ 24.6, SD ϭ 3.8) participated in the research. After a complete description of the study, written informed consent was obtained from all subjects.
Stimuli. Stimuli were gray-scale images derived from the International Affective Picture System (IAPS; ref. 37) taken from three affective valence categories: pleasant (embracing͞erotic couples), neutral (household͞nature scenes), and unpleasant (mutilations, attacking animals͞humans). The mean (ϮSE) valence ratings from IAPS norms are pleasant ϭ 6.67 Ϯ 0.14, neutral ϭ 4.87 Ϯ 0.06, and unpleasant ϭ 2.20 Ϯ 0.14, and arousal ratings are pleasant ϭ 6.16 Ϯ 0.16, neutral ϭ 2.62 Ϯ 0.10, and unpleasant ϭ 6.78 Ϯ 0.07. These pictures have been shown to evoke differential autonomic and somatic responses, to vary systematically in subjective ratings of pleasure and arousal (35, 36) , and during sustained picture viewing, to prompt brain activity that covaries with affective responses (33, 34) . Gray-scale images were employed to reduce the possibility that colorrelated cues would aid in task performance, and a previous fMRI study revealed that occipitoparietal cortical activity to color and gray-scale IAPS pictures did not differ.** Cognitive Tasks. Picture stimuli, presented as cues and probes (Fig. 1a) , were back-projected onto a screen mounted in the scanner bore. Cues were single pictures, and probes were matrices of nine pictures. All stimuli were presented for 2.5 s followed by an 11.5-s delay. Probes were presented unpredictably on 30% of the trials. Two tasks required right-hand button presses to stimuli on all trials: to cues, subjects pressed a button with their index finger, and to probes, subjects indicated target status with forced-choice button press (index finger ϭ target, middle finger ϭ nontarget). In the WM task, a target was a probe that contained within it the immediately preceding cue. In the detection (DET) task, a target was a probe in which the center picture of the matrix was identical to any of the surrounding matrix pictures. Thus, the two tasks were identical with respect to stimulus-encoding and response demands, but the WM task required constant maintenance of cue-stimulus representations across delay periods to respond correctly to the occasionally presented probes. Cue responses were required to ensure that subjects attended to and encoded these stimuli. The cue valence varied pseudo-randomly within the trial block, with the constraints that the valence of a cue was not repeated immediately, and at least two repetitions of each valence occurred during each trial block. Additional constraints were that (i) probes followed at least one cue of identical valence, (ii) the probability of a cue probe or center surround match was 70%, (iii) a probe, when presented, could not occur on the first trial of a block, and (iv) a probe always matched the valence of the immediately preceding cue. Subjects performed 10 blocks of 10-14-s trials per task, and task order alternated across blocks. Instructions provided prior to each block signified the subjects' task.
Image Acquisition. Scanning took place in a conventional 1.5 Tesla General Electric Signa whole-body scanner with a standard head coil. Event-related functional images were acquired in the coronal plane using a two-interleave T2-weighted spiral-scan pulse sequence (ref. 38; 22 slices, voxels ϭ 3.75 mm 2 in-plane, 4.5-mm thick, repetition time ϭ 1,750 ms per spiral, echo time ϭ 35 ms, field of view ϭ 24 cm, flip ϭ 60°). Scans were positioned perpendicular to the intercommissural line, with the trailing edge of the most anterior scan beginning three slices anterior to the leading edge of the cingulate sulcus. Scan acquisition was synchronized to trial onset (Fig. 1b) , and four 3.5-s acquisitions exactly filled the 14-s trial period. Prior to functional scanning, structural images were acquired using a standard T1-weighted pulse sequence.
Image Reduction and Analysis. After reconstruction, images were normalized to a common mean and movement-corrected using six-parameter rigid body translation (39) . To facilitate pooledsubject analyses (see below), each subject's images were coregistered to a common reference using a 12-parameter algorithm and then smoothed using a three-dimensional Gaussian filter (5-mm full-width half-maximum). The anatomic localization of suprathreshold activity was determined by overlaying statistical maps onto the reference structural image and transforming the data into standard reporting coordinates (40) by using AFNI software (41).
To examine the task-related prefrontal regions that are modulated by affective valence, the fMRI data were analyzed using voxel-wise paired t tests with task as the independent variable (subject ϭ random factor). Only activity during cues and subsequent delay periods was analyzed, because maintenance activity would not be reflected in response to probes. A significance threshold of P Ͻ .0025 (two-tailed) and a five-voxel three-dimensional contiguity were used to create statistical maps. Image preprocessing and voxel-wise tests were conducted using NIS software (kraepelin.wpic.pitt.edu͞nis͞). Planned contrasts were conducted on the mean signal intensity across all contiguous suprathreshold voxels, following within-subject range correction ([x i Ϫ minimum]͞[maximum Ϫ minimum]), testing for main effects of task, valence, scan in trial, and their interaction. Range correction was applied to equate the raw signal intensities across the two frontal areas that on average were greater in the OFC (mean ϭ 3,453) than DLPFC (mean ϭ 3,386). Follow-up analyses included 1-df polynomial trends on valence for each task separately. Analyses with more than two levels of a factor employed an adjustment to correct for the use of repeated measures (42) .
Because it is possible that the different task and valence conditions could systematically influence subjects' movement in the scanner and contribute to differences in brain activity, we evaluated the translational (mm x, y, and z) and rotational (degrees pitch, roll, and yaw) estimated-movement parameters derived from the movement-correction algorithm (39) using task ϫ valence ANOVAs. Scan-to-scan movement did not differ in either dimension as a function of task, valence, or their interaction (Ps Ͼ .32), indicating that movement did not systematically differ as a function of experimental manipulations and likely did not contribute to the observed differences in signal intensity.
Affective Manipulation Check. Acoustic startle blink (indexed via rectified and integrated m. orbicularis oculi electromyogram, time constant ϭ 200 ms) was obtained while nine college-age subjects performed the WM and DET tasks. Stimuli were presented for 2.5 s at a stimulus onset asynchrony of 10 s. Acoustic startle was elicited after 33% of cue trials by a 40-ms-duration white noise (95 dB sound pressure level; nearinstantaneous rise time) delivered binaurally through headphones 2.5 or 6 s after cue offset. We predicted that the impact of emotional pictures would persist during the delay interval in the maintenance task, producing the expected linear valence effect on blink magnitude (unpleasant Ͼ neutral Ͼ pleasant) typically obtained during sustained viewing of IAPS pictures (35, 36) . Blink magnitude was scored by using a previously described algorithm (43) and analyzed by using a 1-df test of task ϫ linear trend over valence.
Results
Affective Manipulation Check. Startle blink (Fig. 2) showed the expected emotion-modulation effect after cues during the WM task, potentiated after unpleasant cues and inhibited after pleasant cues relative to neutral cues, but not during the DET task (task ϫ linear valence interaction: F [1, 8] ϭ 9.47, P ϭ .015). This pattern of blink modulation indicates that the chosen stimuli were evocative emotionally and that the intended affective impact was sustained during the delay period of the WM task.
fMRI Data. The effects of task were pronounced and statistically supported for both the right DLPFC [middle frontal gyrus, Broadmann area (BA) 46͞9] and the OFC (BA 10͞11; Table 1 ; Fig. 3a) . In both regions, task effects were sustained across the trial period and did not interact with scan in trial (Fig. 3b) . For the right DLPFC, the effects of valence (Fig. 3c) differed dramatically by task because of a task ϫ linear valence trend interaction; in the WM task, activity was greater to pleasant and less to unpleasant compared to neutral cues, and valence did not affect DLPFC activity during the DET task. A valence main effect also reflected the overall linear trend with greater activity to pleasant and less activity to unpleasant compared to neutral cues.
The expected task-and valence-related inverse pattern was observed in the dorsal portion of the OFC (Fig. 3 b and c) , as confirmed by planned contrasts on mean signal intensity within this cluster (Table 1 ). The region of activity extended from the dorsal portion of the OFC (BA 10͞11) to the anterior portion of the subgenual anterior cingulate (BA 25͞32). Significant effects of valence reflected a linear trend on valence (unpleasant Ͼ pleasant), and a task ϫ valence interaction reflected interactions of task with both linear (unpleasant Ͼ pleasant) and quadratic (pleasant and unpleasant Ͼ neutral) trends on valence. Follow-up tests on valence for each task separately revealed for the WM task a significant linear trend on valence, indicating that activity was greater to unpleasant than to pleasant stimuli. Examination of task-related effects for each valence separately using voxel-wise t test revealed that the observed effects of valence were not caused by activation of different regions of the DLPFC and OFC.
Activity in the DLPFC and OFC was highly inversely related as a function of valence during the WM task: 9 of 10 subjects showed greater activity to pleasant than unpleasant stimuli in the DLPFC, and the opposite effect was shown in the OFC. Analysis of signal intensity, with the minimum͞maximum scaled within the region for pleasant and unpleasant stimuli (Fig. 4) , revealed a significant region (DLPFC, OFC) ϫ valence (pleasant, unpleasant) interaction [F(1,9) ϭ 16.00, P ϭ .0031].
Task Performance. Behaviorally, the two tasks were equally difficult: Correct responding to infrequently presented probes averaged 68 and 71% on the DET and WM tasks, respectively, with no significant effects of task or valence, although accuracy generally was poorer to pleasant (65%) and unpleasant (65%) than to neutral (81%) probes. This response pattern suggests that task-difficulty effects do not underlie the task-and valencerelated PFC activation differences. Because the tasks proved to be so difficult, with accuracy to valence-laden stimuli near 65%, an additional group of 23 unscanned subjects performed a modified version of the task to provide a more sensitive test of valence effects on behavioral performance during the WM task. The probe matrix was modified to include two rather than nine pictures to minimize the possibility of floor effects. Analysis of error rates (Fig. 5) revealed that the tasks did not differ [F(2,22) ϭ 0.42, P Ͼ .50]. However, in the WM task, the effect of valence on error rates was highly significant [F(2,44) ϭ 8.10, P Ͻ .002] and exhibited a pattern that paralleled the signal intensity pattern in the DLPFC.
Discussion
Consistent with our predictions and previous WM studies using either letter stimuli (16) or complex images (17), right DLPFC activity was enhanced while stimulus representations were maintained actively in WM. Moreover, WM-related DLPFC activity was modulated by the intrinsic emotional valence of the maintained picture stimuli (greater to pleasant and lesser to unpleasant, compared to neutral stimuli) even when subjects were not requested explicitly to maintain valence information during the delay period. In contrast, the DLPFC was insensitive to valence during the non-WM-dependent task, suggesting that modulation of DLPFC activity by the emotional valence of stimuli requires that it be brought ''on-line'' for affective influences to be expressed. The absence of emotion effects on DLPFC during the DET task also suggests that, in normal subjects, the affective valence of task-relevant stimuli does not obligatorily influence DLPFC activity. If engaged, the DLPFC seems to reflect activity in an appetitive system. In contrast but in line with previous observations, the OFC is involved in the processing of unpleasant information (44) , reflecting activity in a defensive system. Consequently, activity in the DLPFC and OFC was reciprocally related as a function of valence during the WM task. Finally, the overall pattern of activity during WM indicates that generalized ''arousal'' effects associated with pleasant and unpleasant stimuli are unlikely to account for the valence modulation of PFC activity, because both pleasant and unpleasant stimuli are emotionally arousing and evoked directionally opposite effects. The adjunct behavioral study, which used modified probes to minimize floor effects on task performance, revealed a pattern of behavioral performance that paralleled that of the WMrelated DLPFC activity. That is, performance was best under conditions of pleasant valence and worst under conditions of unpleasant valence. Although these data are from a subject group that differed from the subjects that participated in the scanning session, the performance pattern suggests that increased DLPFC activity in the pleasant WM condition may be associated with improved WM performance.
The present research demonstrates a functional dissociation between medial PFC and DLPFC activity when actively maintaining emotionally arousing information in WM. The observed inverse relationship is consistent with suggestions that one region may modulate activity in the other either directly or indirectly (11, 12) . Because the amygdala has been shown to be responsive to IAPS picture stimuli (33, 34) and is highly interconnected to the OFC, it is likely that amygdala input is important to the processing of motivational stimuli in the OFC (6, 24, 45) , which in turn may modulate DLPFC activity. † † As suggested by Hikosaka and Watanabe (11) , the OFC may play a role in assigning motivational͞affective qualities to relevant stimuli, information that is then ''transmitted to the [DLPFC] , where integration of motivational and cognitive operations would be achieved.''
The finding of reciprocal valence-related activity in the DLPFC and OFC also points to a potentially important principle in the organization of brain systems engaged by motivational stimuli, namely, that macroscopic differences in the functional representation of appetitive (approach) and defensive (avoidance) response modes engage different pools of neuronal systems during appetitive and defensive responding. This finding is consistent with the view that these two ends of the valence dimension prepare for very different output patterns (35, 36) . The current findings also bear upon interpretation of the reciprocal nature of task-and valence-related activity in medial and lateral frontal cortex. Drevets and Raichle (23) , for example, suggest that the relationship between ''cognition'' and ''emotion'' maps onto the reciprocity between limbic͞paralimbic and neocortical regions. The present results, however, point to a modulatory role on cognition of emotion or motivational factors and additionally suggest that the reciprocal relationship may map more onto defining emotional valence (pleasant vs. unpleasant) than onto an emotion-cognition dichotomy.
On a clinical level, the present findings may have relevance to fear-related disorders such as specific phobias and posttraumatic stress disorder, to affective psychopathology more generally, and to drug addiction. Concerning affective and fear-related disorders, several authors have proposed that stress may function to take the PFC ''off-line'' and ''shift control to subcortical regulation of behavior'' (ref. 46; refs. 26 and 45) ; that is, a ''functional disconnect'' between motivationally critical structures (e.g., amygdala) and structures critical to high-level cognition (e.g., DLPFC). Arnsten and coworkers, for example, have suggested that the amygdala may orchestrate the stress-related response in PFC (46, 47) on the basis of its connectivity and capacity to regulate monoamine levels in the PFC (48) . The observed reduction in DLPFC activity while maintaining unpleasant stimuli relative to neutral and pleasant stimuli during the WM task is consistent with the hypothesis that strong aversive affect indeed may decrease, decouple, or alter interactions between the DLPFC and motivationally relevant subcortical structures and promote ''more automatic, reflexive or habitual responses dependent on the environment to control . . . behavior'' (ref. 46) , as suggested by the poorer behavioral performance while maintaining unpleasant rather than pleasant cues. Finally, with respect to drug addiction, several studies have pointed to abnormal activity in both the DLPFC and OFC and have related these abnormalities to dopaminergic activity, expectancy, and motivationally-based decision making (49, 50) .
The pattern of DLPFC response to affective stimulation during WM prompts speculation about possible mechanisms underlying the observed effects, namely, catecholaminergic modulation by midbrain afferents. Mesocortical dopamine and norepinephrine are critical to WM, and there may be an optimal level of their turnover in PFC above and below which DLPFC-mediated WM processes are disrupted (refs. 46 and 51; i.e., an inverted-U relationship with WM). Unpleasant affect (e.g., stress) impairs DLPFC activity and WM function and preferentially increases dopamine release in the DLPFC, perhaps to a level that exceeds optimal (26), whereas other cortical and subcortical terminal fields show little effects (52, 53) . Stress-related norepinephrine increases similarly impair WM performance (46, 47) . In contrast, pleasant affect, within normal limits, may enhance dopamine turnover in the DLPFC but not above optimal levels, resulting in increased WMrelated activity. Moderate positive affect increases cognitive flexibility and problem solving, leading to speculation that this enhanced PFC-mediated cognitive functioning results from increased mesocortical dopamine turnover in the DLPFC induced by positive affect (29) . The pattern of findings in this study is consistent with both lines: WM demand combined with maintenance of appetitive cues may enhance dopamine activity in DLPFC but not beyond levels that would lead to DLPFC dysfunction, and maintenance of unpleasant cues associated with a modest decrease in DLPFC activity, in contrast, may reflect a greater than optimal increase in dopamine release in the DLPFC, leading to decreased WM-related DLPFC activity relative to neutral and pleasant cues. The influence of dopamine on OFC activity, however, is less certain, although this † † Amygdala activity was not observed because of significant signal intensity decreases in most subjects and reflecting magnetic susceptibility effects present in this region. region receives denser dopaminergic projections than the DLPFC, albeit from somewhat different input sources (54) .
Additional studies are required to better understand the neuroanatomical and neuromodulatory bases of emotionmodulated PFC activity. However, these findings clearly highlight the role of affect in PFC functioning and suggest a conceptualization of the DLPFC and its involvement in WM that takes into consideration motivational parameters.
